String theory and quark-gluon plasma 
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We review the AdS/CFT description of gauge theory plasmas for non-experts. We discuss the low 
shear viscosity, jet quenching, and J/i/>-suppression, which are three major signatures for the quark- 
gluon plasma observed at RHIC experiments. Based on invited talks presented at "Frontiers in the 
physics of quark-gluon plasma" (July 7-8 2006, RIKEN), "String theory and quantum field theory" 
(Sep. 12-16 2006, YITP), the Fall Meeting 2006 of the Physical Society of Japan (Sep. 20-22 2006, 
Nara Women's Univ.), "AdS/CFT and strongly coupled quark matter" (Nov. 21-22 2006, CCAST), 
YKIS2006 (Nov. 20-28 2006, YITP), a string theory workshop at Rikkyo Univ. (Dec. 26-27 2006). 



I. INTRODUCTION 

In this note, we review the connection between 
AdS/CFT duality and quark-gluon plasma (QGP) ex- 
periments at RHIC (see Ref. [lj for a review of QGP 
physics). RHIC stands for Relativistic Heavy Ion Col- 
lider at Brookhaven National Laboratory. The name 
"heavy ion" comes from the fact that it collides heavy 
ions such as gold nuclei 197 Au instead of usual e + e~, pp 
or pp. The goal of the experiment is to realize the decon- 
finement transition and form the quark-gluon plasma. In 
principle, it should be possible to form QGP if one has 
high enough temperature or high enough density. How- 
ever, it is not an easy job to confirm QGP formation 
because of the following problems: First, what one ob- 
serves is not QGP itself but only the by-products after 
hadoronization, and one has to infer what had happened 
from the by-products. Second, those secondary parti- 
cles are mostly strongly-interacting, and the perturbative 
QCD is not very reliable for the current and near-future 
experimental temperatures. 

To resolve these problems, many attempts are made 
to identify the generic signatures of QGP. Some of the 
generic signatures discussed to date are as follows: 



1. The elliptic flow which may be the consequence 
very low viscosity of QGP 



of 



2. The jet quenching 

3. J/'I'-supprcssion 

All of these signatures have been discussed in the 
AdS/CFT duality, so I review recent developments fo- 
cusing on these phenomena. 

II. A SHORT COURSE ON STRING THEORY 

Since this review is aimed at non-experts, I first give a 
short course on string theory, in particular emphasizing 
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FIG. 1: Main ingredients of string theory. An open string can 
have endpoints on the D-brane (left) and describes a gauge 
theory. A closed string represents a graviton (right). 





FIG. 2: The simplest oscillations of an open string. 



on how gauge theories and black holes are described in 
string theory. 

Figure [T] shows main ingredients of string theory. 
There are two kinds of string: open strings with end- 
points and closed strings with no endpoints. As I will 
show you shortly, an open string represents a gauge the- 
ory. A closed string represents a graviton. An open string 
propagates through spacetime just like a closed string, 
but an open string can also have its endpoints on an ob- 
ject, the so-called D-brane. The open string I consider in 
this lecture is always of this type. 

The easiest way to see that an open string represents 
a gauge theory is look at how the string oscillates. Fig- 
ured] shows the simplest open string oscillation (in 4 di- 
mensions). 1 As you can see, the string can oscillate in 
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1 String theory is actually a 10-dimensional theory, but we discuss 
in 4-dimensions for illustrating purpose. 



2 




FIG. 3: N D-branes represent a SU(N) gauge theory. 



two directions. So, the open string has two degrees of 
freedom at this level. These degrees of freedom represent 
the two polarizations of the photon. In this sense, the 
open string represents a gauge theory. 

Of course, our interest here is not QED, but rather 
QCD, so how can one describe a Yang-Mills theory? An 
open string has endpoints on a D-brane, but if there are 
iV coincident D-branes, open strings can have endpoints 
in various ways (Fig. [3|). These new degrees of freedom 
precisely correspond to SU(N) degrees of freedom. 

Since these open strings are constrained to have their 
endpoints on the D-brane, the gauge theory described 
by the D-brane is localized on the D-brane. The D- 
branes arise with various dimensionalities. A D-brane 
with a p-dimensional spatial extension is called the Dp- 
brane. Namely, the DO-brane is point-like, the Dl-brane 
is string-like, the D2-brane is membrane-like, and so on. 
Thus, the Dp-brane describes a (p+l)-dimensional Yang- 
Mills theory. We are interested in 4-dimensional gauge 
theories, so consider the D3-brane in order to mimic 
QCD. 

On the other hand, a closed string represents a gravi- 
ton. Again, the easiest way to see this is to look at how 
the string oscillates (Fig. H}. In general, the oscillations 
on a string have two modes: the left-moving modes and 
right-moving modes. For an open string, these modes 
mix each other at endpoints, but these modes become 
independent for a closed string. So, one can oscillate the 
right-moving mode in one direction and the left-moving 
mode in the other direction. In a sense, a closed string 
oscillates in two directions simultaneously. This prop- 
erty explains the spin-2 nature of the graviton. In fact, a 
graviton also oscillates in two directions simultaneously. 
Strictly speaking, a closed string represents a graviton 
and two undiscovered scalar particles, the dilaton and 
the axion. Since each mode has two degrees of freedom, 
a closed string has 4 degrees of freedom at this level (in 
4 dimensions). The graviton has only 2 degrees of free- 
dom, and two scalar fields cover the remaining degrees of 
freedom. 

We have seen that we can get a gauge theory from the 
D-brane, but it is not clear if the D-brane is simply de- 
scribed by a gauge theory. This is because string theory 




FIG. 4: A closed string has two independent modes, which 
corresponds to the spin-2 nature of the graviton. 




FIG. 5: A gauge theory is described by a black hole in the 
strong coupling. 



is more than a gauge theory, namely it has gravitons. At 
this point, it is not clear if the effect of gravity can be 
neglected. According to general relativity, any energy- 
momentum tensor curves spacetimc. The D-brane of 
course has some energy, so how the D-branes curve space- 
time? Since gravity is described by the Newton potential 

GM 

0Newton ~ > (2-1) 

r 

one can measure the effect of curvature by GM. Accord- 
ing to string theory, the Newton constant G and the mass 
M of the D-brane are given by 

G ~ g 2 s , (2.2) 
M ~ N/g s , (2.3) 

where g s is the string coupling constant which governs 
the strength of the interactions between strings. 2 So, 
one gets GM ~ g s N. This means that as long as g s N <C 
1, one can neglect the effects of gravity and spacetime 
remains flat. In this case, the D-brane is simply described 
by a gauge theory. 

On the other hand, when g s N 1, the D-brane starts 
to curve spacetime, and eventually it should become a 
black hole. So, in this case, the D-brane can be described 
by a black hole. The black hole here is not the usual 



2 Note that the D-brane is infinitely heavy in the weak coupling 
limit g s <^ 1, which is consistent with the hypersurface picture 
of the D-brane, and the open strings attached represent the fluc- 
tuations of the D-brane. 



3 



Schwarzschild-like black hole. We consider a D-brane, 
an object with infinite spatial extension. Thus, the black 
hole formed from the D-brane has an horizon which ex- 
tends indefinitely and is called the "black brane." 

To summarize, one can describe the D-brane both by 
a gauge theory and by a black hole; which description is 
better depends on the value of g s N. The string coupling 
and the Yang-Mills coupling <?ym are related by g s ~ 
9ym ( see Sec. IIII B]) . so g s N is nothing but the standard 
't Hooft coupling, A := gy M N. This suggests that the 
black hole is the large 't Hooft coupling limit of a gauge 
theory. Since 't Hooft coupling is the effective coupling 
of a gauge theory, the black hole is the strong coupling 
limit of the gauge theory (Fig. [5]). Thus, the strategy here 
is to use black holes in order to compute gauge theory 
observables in the strong coupling regime. 3 

Our argument here is very rough, but more refined 
version of the argument is known as the AdS/CFT du- 
ality [1, 13, H Hi ( see Ref. 0] for a review). The precise 
correspondence is as follows: 

TV = 4 super- Yang-Mills theory (SYM) <-> 

type IIB string theory on AdS 5 x S 5 . (2.4) 

Here, Af = 4 means that the theory has 4 supercharges 
which are the maximum number of supercharges for a 
4-dimensional theory. Also, AdSs stands for the five- 
dimensional anti-deSitter space. DeSitter was a Dutch 
astronomer who found a solution of Einstein equation 
with a constant positive curvature in 1917. The space 
AdSs instead has a constant negative curvature; this ex- 
plains the prefix "anti." One can reach this correspon- 
dence by studying the D3-brane more carefully, but I will 
skip the argument. Instead, I explain the correspondence 
from the symmetry point of view in Appendix. 

We will use the finite temperature version of the du- 
ality and its cousins; in this case, one needs to replace 
AdSs by a black hole in AdSs, which is known as the 
Schwarzschild-AdSs black hole: 

J\f = 4 SYM at finite temperature «-» 
type IIB string theory 
on (Schwarzschild-AdS 5 black holes) x S 5 . 

III. BLACK HOLES AND HYDRODYNAMICS 

According to the RHIC experiment, QGP behaves like 
a liquid. The AdS/CFT then implies that a black hole 
also behaves like a liquid. Then, plasma quantities should 
be calculable from black holes. In fact, black holes 
and hydrodynamic systems behave similarly. Consider 
adding a perturbation to a black hole, e.g., drop some 



Conversely, such a correspondence has also been used for the 
microscopic derivation of black hole entropy Q| . 



object (Fig. [6|. Then, the shape of the black hole hori- 
zon becomes irregular, but such a perturbation decays 
quickly, and the black hole returns to the original sym- 
metric shape. The no-hair theorem is one way to see this. 
According to the theorem, the stationary black hole is 
unique and symmetric. Thus, the perturbed black hole 
cannot be stable. If you regard this as a diffusion, the 
diffusion occurs since the perturbation is absorbed by the 
black hole. 

This behavior is very similar to a liquid. Suppose that 
one drops a ball in a water pond. Then, you generate sur- 
face waves, but they decay quickly, and the water pond 
returns to a state of stable equilibrium. In hydrodynam- 
ics, this is a consequence of viscosity. Thus, one can 
consider the notion of viscosity for black holes as well. 
And the "viscosity" for black holes should be calculable 
by considering the above process. 

Let me remind you of freshman physics of viscosity. 
As a simple example, consider a fluid between two plates 
and move the upper plate with velocity v (Fig. [7]). As the 
fluid is dragged, the lower plate experiences a force. This 
force is the manifestation of the viscosity. In this case, 
the force F the lower plate experiences per unit area is 
given by 



The proportionality constant rj is called the (shear) vis- 
cosity. 

Microscopically, the viscosity arises due to the momen- 
tum transfer between molecules. Figure [7] shows a close- 
up view of the fluid and I put an artificial boundary to 
divide the fluid into two parts. The molecules collide 
with each other and are exchanged randomly through the 
boundary. But in the situation where you move the upper 
plate, the molecules in the upper-half part, on average, 
have more momentum in the x-direction than the ones 
in the lower-half part. These molecules are exchanged, 
which means that momentum in the x-direction is trans- 
ported through the boundary. 

Going back to the black hole, how can one calculate 
the plasma viscosity? I will first give a brief explanation 
and its implications and then I will justify the claim more 
in detail. 



A. Quick argument 

There are many ways to compute the viscosity and I 
will explain one simple method. In the gravity side, the 
diffusion occurs by black hole absorption. So, it is natural 
to associate the shear viscosity with the absorption cross 
section by black holes. (I explain this point more in detail 
later. The detailed argument suggests that this is the 
cross section for the graviton of particular polarization.) 
Now, there is a general theorem on black holes [8| that 
states that the cross section obh is equal to the horizon 
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FIG. 7: When one moves the upper plate, the fluid is dragged 
due to the viscosity and the lower plate experiences a force. 
The bottom figure is the close-up view of the fluid. 



area A for a broad range of black holes 4 : 



?? oc lim ctbh = A 



(3.2) 



But the horizon area is the famous quantity, namely 
it represents the black hole entropy, so it must be the 



plasma entropy 



>BH 



(3.3) 



(fee: Boltzmann constant). Then, the shear viscosity 
divided by the entropy becomes constant. 6 The constant 
can be determined from the argument later and the result 
is 



1 
s 



47rfcB 



(3.4) 



This value is very small. In comparison, rj/s for water is 
about 3 x 10 3 under normal circumstances. 

Now, the point is that all the relations we used (cross 
section versus horizon area, black hole entropy versus 
horizon area) are generic, so the result must be universal 
as well. Namely, it does not depend on the details of 
black holes nor the details of gauge theories. So, the 
claim is [§] 

Gauge theory plasmas which have gravity duals have a 
universal low value ofrj/s at large 't Hooft coupling. 

This is a rather indirect argument, but this claim has 
indeed been checked for many known gravity duals. 

This result is very important, so let me rephrase in a 
different way (Fig. [5]). Gauge theories of which we can 
actually compute the shear viscosity are supersymmetric 
gauge theories, not the real QCD. We compute the shear 
viscosity from black holes, but the gravity dual of QCD 
is not known. So, one cannot use AdS/CFT directly 
to compute QCD properties. However, as we saw, the 
quantity corresponding to the shear viscosity is universal 



4 As a simple example, this is true for the usual Schwarzschild 
black hole as well. Precisely speaking, the theorem applies only 
to the low energy limit u> — > 0. 



5 We use the unit c = 1 in this lecture. 

6 Precisely speaking, one divides by the entropy density s. We 
consider black holes with infinite extension, so the entropy itself 
diverges. The area for the absorption cross section should be 
understood in a similar way. 
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Gauge Theory Gravity 
:.V=4SYM c{) D3-brane 

"shear viscosity " \h uni versa) 

QCD if ^ ; not known yet 

FIG. 8: Gauge theories described by D-branes are mostly su- 
persymmetric gauge theories, and not the real QCD. However, 
the black hole quantity corresponding to the "shear viscosity" 
is universal, so probably the results for supersymmetric gauge 
theories are directly applicable to the real QCD. 




FIG. 9: The bulk graviton produces the back-to-back scat- 
tering of gluons on the boundary. In black hole picture, it is 
natural to regard the graviton decay rate as the absorption 
cross section by the black hole. 



B. More in detail 

I now describe the relation between the shear viscos- 
ity and the absorption cross section. To do so, one first 
has to understand the interactions of bulk and boundary 
fields. These fields can interact at the boundary. For ex- 
ample, the graviton produces the back-to-back scattering 
of gluons (Fig.[9|). The relevant interactions are 

Stat ~ J d 4 x 54>F%, + Sh^T™ + ■■■ (3.6) 

(ft dilaton, h^: graviton, and T™: the field 

strength and the energy-momentum tensor of the gauge 
theory) . Such interactions can be obtained by expanding 
the D-brane action around the expectation values of the 
bulk fields. The D-brane is described by the so-called 
Dirac-Born-Infcld (DBI) action. The DBI-action with at 
most two derivatives contains the following term: 

C ~ e-+F% + ■■■ . (3.7) 

If (j> is constant, one gets the standard gauge theory La- 
grangian with gy M ~ g s , where g s := e*\ If <f> fluctuates, 
the action is expanded as 

r~e-W(F^ + «5^) , (3.8) 

where <j) = ((f)) — 8<j>. The second term is nothing but the 
first term in Eq. (|3.6p . 

This fact could be stated as 



Bulk field fluctuations act as sources of boundary fields 



on the black hole side, so one can immediately apply the 
J\f = 4 result to the real QCD even though these two 
theories are completely different. 



In fact, RHIC suggests that 
cosity and the estimated value 



GP has a very low vis- 

13,0 



2 ~ o(o.i) x A ? 

S kn 



(3.5) 



is very close to the above AdS/CFT value. 7 One im- 
portant point is that the temperature in question is still 
order of Aqcd- At this range of temperature, QCD is 
still strongly coupled and pQCD is not very reliable. In 
fact, the naive extrapolation of the weak coupling result 
gives a larger value for ij/s. Thus, the AdS/CFT dual- 
ity which predicts the strong coupling behavior may be 
useful to analyze QGP. 



I just rephrase the same statement, but this leads to the 
so-called "GKP-Witten relation," which is the definition 
of the AdS/CFT. 

Given the interaction term, one can easily calculate the 
graviton decay rate (with polarization h xy , where x and 
y are directions along the brane) from the standard field 
theory formula: 



oqft 



1 1 

Y f 2uj 



d 3 pi d 3 p 2 



final states 

x (2n) 4 6 A (p f - Pi )\M\ 2 
8ttG 



See Refs. 12, 13] for recent estimates. 



(2tt) 3 2wi (2tt) 3 2u;2 
i\M\ 2 

^ , d^e^([Tj y M (t,x),Tj y M (0,0)}) 

The first equality is just the Fermi's golden rule with 
matrix element M.. The matrix element is proportional 
to T^ M , so the formula is written by a correlator of the 
energy-momentum tensor. (This is an optical theorem.) 
The factor Sf is a statistical factor for identical particles 
in the final state. 

In black hole description, it is natural to regard this 
decay rate as the absorption cross section of the graviton. 
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This has been checked for the D3-brane at zero temper- 
ature [14], so 8 

°bh — ~Ji~~~ J *xe™{[T™(t,x),T™(W)\) ■ (3-9) 

We can use this relation to compute the shear viscosity 
since the viscosity is given by a Kubo formula microscop- 
ically: 

(3.10) 

This formula has the same form as the absorption cross 
section, so one can immediately write the viscosity in 
terms of the cross section: 



n 



hm^o cbh 
16ttG 



(3.11) 



We have written plasma quantities in terms of black hole 
quantities. Using Eqs. (|3 . 2[) and (|3.3p . one obtains 



A 



This is the previous formula 



(3-12) 



C. Further checks of universality 

We saw that in gauge theories at strong coupling the 
ratio of shear viscosity to entropy density is universal. 
How far has the universality been shown? Recently, the 
universality has been extended to a variety of situations 
which are not covered in the original proofs. 

The shear viscosity was first computed for the D3- 
brane [l5j]. This corresponds to the Af = 4 SYM which 
is a scale-invariant theory. (Actually, the theory has a 
larger symmetry, a conformal symmetry. See Appendix.) 
But the universality has been shown even for theories 
with scales, i.e., nonconformal theories. Examples in- 
clude Dp-branes for p ^ 3, the Klebanov-Tseytlin geom- 
etry, the Maldacena-Nunez geometry, and the N = 2* 



As a cautionary remark, one should note that Eq. 113.91 1 is known 
to hold for the D3-brane at zero temperature but it is unclear if 
it also holds for generic AdS black holes. The problem is that 
a black hole is the strong coupling limit of a gauge theory, so 
Eq. d 3 - 9 6 is the strong coupling statement. But, of course, it is 
not easy to compute the right-hand side in gauge theory. One can 
compute it in the weak coupling, but weak coupling results differ 
from strong coupling results in general as we will see in Sec. lIH Dl 
In the special case of the zero-temperature D3-brane, such a 
comparison actually makes sense due to the nonrenormalization 
theorem, and this is the case where Eq. I|3.9| l has been checked. 
But it is an open question if this is also true for generic AdS 
black holes. Here, we simply assume that the relation holds at 
strong coupling. 



system (These theories also have a reduced number of su- 
persymmetries). In fact, various universality arguments 
were demonstrated for these cases [1, [HI H3 EH . 

However, these proofs did not cover the cases with a 
chemical potential. So, the natural question is what hap- 
pens to the universality at finite chemical potential. Ac- 
tually, it is not easy to realize the realistic finite density 
in AdS/CFT, i.e., baryon number density. But there 
is a simple alternative. Namely, consider charged AdS 
black holes instead of neutral black holes. A black hole 
is known to obey thermodynamic-like laws and its first 
law is written as 



dM = TdS B H + $dQ 



(3.13) 



(T: black hole temperature, $: electromagnetic poten- 
tial, Q: black hole charge). As one can see, the electro- 
magnetic field $ plays a role of a chemical potential. 

In AdS/CFT, such a charge arises as follows. As in 
Eq. (|2.4p . the full geometry involves S 5 . One can add 
an angular momentum along 5* 5 , which is known as the 
"spinning" D3-brane solutions [lj| H3| • The angular mo- 
mentum becomes a Kaluza-Klein charge after the S 5 re- 
duction. 

What is the gauge theory interpretation of the charge? 
The symmetry of S 5 corresponds to an internal symme- 
try of the SYM, R-symmetry 50(6). This SO(6) rotates 
adjoint scalars in the Af — 4 supermultiplct. (See Ap- 
pendix.) The R-symmetry group SO(6) is rank 3, so one 
can add at most three independent charges. The three- 
charge solution is known as the STU solution [2l[ . When 
all charges are equal, the STU solution is the well-known 
Reissner-Nordstr6m-AdS5 black hole. Thus, the charge 
in question is a U(1)r charge. 

Because the charge corresponds to the U(1)r charge, 
this is by no means realistic. However, the theory has 
interesting features which are common to the real QCD. 
For instance, the phase diagram is qualitatively similar 
to the QCD diagram [13, [23|. 9 This system does not 
represent a realistic chemical potential, but it may mimic 
the realistic case and one may learn an interesting lesson 
for gauge theory plasmas at finite density. 

The shear viscosity for charged AdS black holes was 
computed by 4 groups, and the result turns out to be 
r]/s = l/(47r) again [2J|-[23]. So, the universality seems 
to hold even at nonzero chemical potential. If this is true 
for generic chemical potential, rj/s = l/(47r) may be true 
even at finite baryon number density. In fact, when there 
is a chemical potential associated with a global symme- 
try, the universality has been proven in more general set- 
tings as well [Hj]- [30|. 

The theories described so far all have matter in the 
adjoint representation and not in the fundamental repre- 



9 This is the case of the RN-AdS black hole with compact horizon 
or compact SYM. In this review, we consider the RN-AdS black 
hole with noncompact horizon, which is always in plasma phase. 
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sentation such as quarks. However, the universality has 
been proven even in the presence of fundamental mat- 
ter [3l|. One way to include fundamental matter is to 
include D7-branes in addition to D3-branes. I will de- 
scribe one simple way to realize fundamental matter in 
the next section, and the D3-D7 system is an extension of 
the method. This D3-D7 system is known as Karch-Katz 
model (32j . 

Gauge theory plasmas described so far are stationary 
ones. The real plasma at RHIC is of course a rapidly 
changing system, and it is desirable to study such a 
plasma as well. In the gravity side, this corresponds to 
a time-dependent black hole. The universality has been 
claimed even for such a case 13311 . 10 



D. Other issues 

We saw that rj/s = l/(47r), but this is in the strong 
coupling limit or in the large 't Hooft coupling limit A — ► 
oo. Real QCD of course has finite coupling, so how about 
rj/s at finite coupling? In general, the shear viscosity is 
given by 

77 ~ pvl mlp (3-14) 

(p: mass density, v: mean velocity, Z m f p : mean free path) . 
At weak coupling, the interaction becomes weaker, so 
the mean free path becomes larger. The viscosity arises 
due to the momentum transfer, and the transfer is more 
effective at weak coupling. So, at weak coupling, one 
expects rj/s ^> l/(47r). 11 

For the J\f = 4 SYM, the finite-A correction can be 
com put ed, and the correction indeed raises the value of 
rj/s [4J|. The correction is about 9% if one uses A = 6n 
(or asYM = 1/2). Thus, the strong coupling result seems 
a good approximation. The universality does not hold for 
finite-A corrections though, so it is not clear how realistic 
the result is. 

Figure [TU] shows both the weak coupling result and 
the strong coupling result. They both increase at weak 
coupling. However, there is a difference. The viscos- 
ity is proportional to the mean free path, so is inversely 
proportional to the coupling constant. Thus, the naive 



n 



s 




FIG. 10: The coupling constant dependence of r//s both from 
the weak coupling result and the strong coupling result. The 
red line represents the weak coupling result, i.e., a naive ex- 
trapolation of the perturbative N = 4 SYM result (Based 
on Ref. [45|]). The blue line represents the strong coupling 
result, i.e., the M = 4 AdS/CFT result with the first order 
correction in A (Based on Ref. |4J|). 



extrapolation of the weak coupling result suggests the 
perfect-fluid-like behavior in the strong coupling limit. 
Instead, AdS/CFT tells that r\j s cannot be small indefi- 
nitely and is saturated. 

Incidentally, our problem is the strong coupling prob- 
lem, so one might wonder how useful lattice computa- 
tions are. A lattice computation of the viscosity for the 
pure Yang-Mills theory has been done in Ref. |46|. Un- 
fortunately, the result has very large error bars, so one 
cannot make a definite statement, but it would be very 
interesting to make the errors smaller. 



IV. HEAVY QUARKS IN MEDIUM 

Recently, there has been much discussion on heavy 
quark dynamics in plasma medium. Two applications 
have been discussed: issues related to J ftp suppression 
and issues related to jet quenching. In this section, I 
quickly summarize the discussion. 



In this subsection, we included relatively recent discussions only. 
See Refs. [33l- l43ll for early computations and computations of 
the other transport coefficients. 

Actually, we have two parameters <?ym and N (or jym and A), 
so there are two kinds of finite-coupling corrections. First is the 
finite-A correction described here. This corresponds to the so- 
called a'-corrections in the gravity side. The effective actions of 
string theory contain higher curvature terms in addition to the 

Einstein-Hilbert action; e.g., S ~ J ^g(R + a' 3 0(R 4 ) H ). 

The finite-A correction comes from such higher curvature terms. 
On the other hand, the finite-^YM correction comes from the so- 
called string loop corrections since the string coupling constant 
is proportional to 9 Y M' Such a correction to r\ has never been 
evaluated. 



A. J/'I'-suppression 

Since J is heavy, charm pair production occurs only 
at the early stages of the nuclear collision. However, if 
the production occurs in the plasma medium, charmo- 
nium formation is suppressed due to the Debye screening. 
One technical difficulty is that the cc pair is not produced 
at rest relative to the plasma. Therefore, the screening 
length is expected to be velocity-dependent. Such a com- 
putation has been done only for the Abelian plasma [47j . 

First, one has to understand how to realize a heavy 
quark in AdS/CFT. To do so, let us go back to Fig. [1 
When there are multiple number of D-branes, an open 
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FIG. 11: An infinitely long string transforms as the funda- 
mental representation. 



boundary boundary 




horizon horizon 



FIG. 12: For a qq pair, the left configuration is not the lowest 
energy configuration. Instead, the right configuration is en- 
ergetically favorable. The energy difference is interpreted as 
a qq potential. At finite temperature, this is no longer true. 
For large enough separation of the pair, the left configura- 
tion becomes favorable. This phenomenon is the AdS/CFT 
description of the Debye screening. 



string can have endpoints in various ways; there are iV 2 
possibilities. This means that the string transforms as 
the adjoint representation of SU{N) gauge theory. Now, 
consider an infinitely long string fFig. [TTj). In this case, 
the string can have endpoints in N different ways. This 
means that the string transforms as the fundamental rep- 
resentation of SU (N) gauge theory. In this sense, such a 
long string represents a "quark." Such a string has an ex- 
tension and tension, so the string has a large mass, which 
means that the long string represents a heavy quark. 

This kind of string has been widely studied in the past 
to measure the heavy quark potential [48|, |49[ . For a qq 
pair, two individual strings extending to the boundary is 
not the lowest energy configuration. Instead, it is ener- 
getically favorable to have a single string that connects 
the pair (Fig. [T2")) . The energy difference is interpreted 
as a qq potential, and one gets a Coulomb-like potential 
for TV = 4. 

At finite temperature [H| , it is no longer true that 
a string connecting the qq pair is always the lowest en- 
ergy configuration; for large enough separation of the pair 
(i s ), isolated strings are favorable energetically. This 



phenomenon is the AdS/CFT description of the Debye 
screening and L s may be interpreted as the screening 
length. 

References [53|, [H[ proposed how to compute the 
velocity dependence of the screening length. 12 They com- 
puted the screening length in the qq rest frame, i.e., they 
considered the plasma flowing at a velocity v. Such a 
"plasma wind" is obtained by boosting a black hole. 

At the leading order in v, the screening length is ob- 
tained as 

(screening length) 
cx -L(1_,,»)V 4 (4.1) 

~ (boosted plasma energy density) -1 ' 4 

for the J\f = 4 SYM, where eo is the unboosted energy 
density. Thus, the screening effect becomes stronger than 
the v = case. One can also compute the screening 
length for the other gauge theories (55[. The leading 
behavior in v seems universal. Namely, if one writes the 
screening length as 

(screening length) oc (1 — v ) v , (4.2) 

the exponent v is determined by the speed of sound c s : 

4^=l-^(l-3c 2 ) + --- (4.3) 

when the theory is nearly conformal, i.e., c 2 ~ 1/3. One 
can make a simple estimate of the exponent for QCD. Ac- 
cording to the lattice results cited in Ref . [60] , all groups 
roughly predict 1/3 — c 2 ~ 0.05 around 2T C . Bearing in 
mind that our results are valid to large-iV theories and 
not to QCD, Eq. (fOJ) gives v ~ 0.22. It would be inter- 
esting to compare this number with lattice calculations 
and experimental results. 

One can also study the screening length at finite chem- 
ical potential [55J, [56J . At the leading order, the screening 
length at finite chemical potential is the same as the one 
at zero potential for a given energy density. 



B. Jet quenching 

Another interesting QGP phenomenon is jet quench- 
ing. In the parton hard-scattering, jets are formed, but 
the jets have to travel in the QGP medium, so the jets 
are strongly suppressed. This phenomenon is known as 
jet quenching. So, the interesting quantity is the energy 
loss rate of partons. The AdS/CFT descriptions of jet 
quenching have been proposed recently [61]- 64]. The 



See also Refs. 55]- 59] for extensions and the other issues. 
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proposals have been quickly extended to the other gauge 
theories [Hj]-[73|. 13 

To discuss jet quenching, one now moves the funda- 
mental string with a velocity v along a brane direction. 
Then, the momentum carried by the string flows towards 
the horizon and one interprets the flow as the energy loss 
rate. For example, the energy loss rate for the Af = 4 
SYM becomes 

* -J^-JU. (4.4) 

dt 2 VT^P v ' 

Unfortunately, the result obtained in this way has some 
drawbacks. First, the result is not universal and is model- 
dependent. Second, the black hole results become exact 
only in the A — > oo limit, but the result does not have a 
finite large- A limit. These two drawbacks are in contrast 
to the rj/s case. This may suggest that one has to be 
careful to apply AdS/CFT to QGP. Namely, one should 
not always take AdS/CFT results at face value. 

V. TOWARDS "ADS/QGP" 

Hydrodynamic description of gauge theory plasmas 
using AdS/CFT is very powerful due to the universal- 
ity. The AdS/CFT may be useful to analyze experi- 
ments. Conversely, experiments or the other theoretical 
approaches (such as lattice gauge theory) may be use- 
ful to confirm AdS/CFT. This approach is also impor- 
tant since currently there are many loose ends on the 
AdS/CFT derivation. One has to clear up these loose 
ends, but it may be hard to make further progress within 
string theory alone. So, the inputs from the other areas 
may be useful to increase confidence in the AdS/CFT 
derivation. On the other hand, one has to be careful to 
apply AdS/CFT to QGP if the universality does not hold 
{e.g., jet quenching). 

In this talk, I emphasized the universality approach, 
but of course finding the gravity dual of QCD is desir- 
able. The biggest assumption of the universality argu- 
ment is that such a dual indeed exists, so finding the dual 
is necessary for the universality approach as well. One 
well-known model of QCD is the Sakai-Sugimoto model 
[82| . This was a successful model in the confining phase, 
but unfortunately it is not a good model in the plasma 
phase. The Sakai-Sugimoto model involves the D4-brane 
compactified on a circle. Above the deconfinement tem- 
perature, the model looks as a true five-dimensional the- 
ory. 

Another problem of the current approach concerns the 
large-A limit; AdS/CFT and QGP are actually different 
limits. The large-A limit of the AdS/CFT is g YM -> 
and N — * oo. But of course QGP has a large-A since 



See Refs.[74[-[80j| for the other issues. See also Ref. [8l| for an 
early attempt. 



5ym ~ 0(1) and N — 3. We are not taking the same 
limits, so it is not clear why both give such close results. 
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APPENDIX A: THE ADS/CFT DUALITY 

The precise correspondence between gauge theory and 
gravity is as follows: 

Af = 4 super- Yang-Mills theory (SYM) <-> 

type IIB string theory on AdS 5 x S 5 . (Al) 

One can reach this correspondence by studying the D3- 
brane more carefully, but instead I explain the correspon- 
dence from the symmetry point of view in this Appendix. 

1. Why Af = 4 SYM 

To understand why the Af = 4 SYM appears, let us go 
back to the open string oscillations on the D3-brane. Su- 
perstring theory actually requires 10-dimensional space- 
time for consistency. The open strings on a D-brane are 
bounded on the D-brane, so the D3-brane represents a 
4-dimensional gauge theory, but these open strings still 
oscillate in the full 10-dimensional spacetime. Thus, the 
simplest open string oscillations have 8 degrees of free- 
dom instead of 2 discussed in the text. What are these 
degrees of freedom? In other words, what kind of gauge 
theory the D3-brane represents? 

To see this, note that there are two types of string 
oscillations. First are the oscillations in the brane and 
the other are the oscillations out of the brane. From the 
4-dimensional point of view (in terms of 50(1,3) rep- 
resentations), the former represent a gauge field. The 
latter represent scalars. The spatial dimension is 9 and 
the brane dimension is 3, so there are 6 scalar fields. 
Thus, the gauge theory represented by the D3-brane in- 
evitably comes with scalar fields. The Af = 4 SYM is 
such a theory. 

The field contents of the Af = 4 SYM include the gauge 
field and the scalars fa. (The color indices are sup- 
pressed for simplicity. We will also suppress the spinor 
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indices.) In addition, there are 4 fermions A/ due to su- 
persymmetry (which comes from the supersymmetry in 
superstring.) The Lorentz transformation properties are 
different, but they come from similar string oscillations, 
which means that all these fields transform as the adjoint 
representation. Namely, the theory has no fundamental 
representation such as quarks. 

Also, if we have only D3-branes, as in the present case, 
the directions transverse to the brane are all isotropic. 
These directions correspond to the scalar fields, so the 
isotropy means that there is a global 50(6) symmetry 
for (f>i. Such a global symmetry is known as R-symmctry. 

The action for the Af = 4 SYM is given by 

9ym 4 z z 

+ O(0 4 )+O(AA0)} . (A2) 

First 3 terms are standard kinetic terms for the gauge 
field, the scalar fields, and the fermions. In addition, the 
action contains interaction terms which are written only 
schematically; </> 4 interactions and Yukawa-like interac- 
tions. 

The gauge field and the scalars have mass dimension 1 
and the fermions have mass dimension 3/2, so all terms 
in the action have mass dimension 4, which means that 
the theory has no dimensionful parameter and the theory 
is scale invariant. Actually, it is often the case in a rela- 
tivistic field theory that the scale invariance and Poincare 
symmetry 5*0(1,3) combine into a larger symmetry, the 
conformal symmetry 50(2,4). Thus, the Af = 4 SYM 
has the global 50(2,4) x 50(6)^ symmetry. 

2. Why AdS 5 x S 5 

The AdSs space is a spacetime with constant nega- 
tive curvature. We are familiar with spaces with positive 
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X 2 + X 2 -X 2 X 2 = I 2 (A3) 
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dsl = -dXl - dXj + dX\ + ■■■ + dX\ . (A4) 
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